A the excretion of sodium has been difficult to obtain because of the errors inherent in the available experimental technics. Measurements reveal that less than one per cent of the filtered sodium is excreted by man in the normal state of fluid and electrolyte balance (I). Any attempt to define variations of sodium excretion in terms of changes in renal blood flow, glomerular filtration rate or tubular activity, would, of necessity, require analytical and experimental procedures with a combined error of less than one per cent. As such an accuracy is not readily obtainable in the study of the normal state, it is diffiuclt if not impossible to distinguish between analytical errors and physiological variations in calculations designed to show changes in the intrinsic renal processes.
urease, aeration and titration method (5) . Because of the high concentrations of urea no pre-aeration was used to correct for ammonia. Chloride was determined by a modified Volhard titration (6) ; inorganic phosphate by the method of Fiske and SubbaRow (7) ; and bicarbonate by the method of Van Slyke (8) on blood and urine collected under mineral oil. EXPERIMENTAL 
PROCEDURE
Because of the nature of the experiments, dogs anesthetized with pentobarbital were used and, with the exception of two animals, were killed at the end of the experiment. The dogs were healthy male or female mongrels which had been fed on a high carbohydrate stock diet. Each experiment was preceded by an &hour fast during which the dogs were allowed free access to water. Urine was collected quantitatively over zo-minute periods by catheterization of female dogs and suprapubic cystotomy in males. Venous blood was taken in oiled syringes. Sodium oxalate was used as an anticoagulant for obtaining plasma for determinationsof urea, creatinine and chloride. Blood samples were allowed to clot under oil and the serum was used for the determination of sodium and potassium. High concentrations of urea were rarely associated with slight hemolysis3, but this did not alter the determination significantly. Fluids were administered by infusion into the jugular vein.
Priming doses of creatinine (5 cc/kg.) in 5 per cent solutions were administered one half hour before observations were started. Plasma creatinine levels were maintained by continuous intravenous infusion. All animals were also primed with 2 per cent sodium chloride in water (30~ cc/kg. body weight) and during the control periods infused with 1.5 per cent sodium chloride solution in quantities equal to urine flow. After the control periods, 50 per cent urea solution in saline was administered at a constant rate for each animal, varying from I to 4 cc. per minute. When the urea was administered the sustaining solution was changed to 0.9 per cent sodium chloride in water and urine volume was balanced by this infusion for the duration of the experiment. In 3 experiments low filtration rates were inadvertently obtained due to an untoward reaction to the priming dose of creatinine.
CALCULATIONS AND ABBREVIATIONS
Clearances were calculated from the mid-point plasma concentration and no correction was made for dead-space time because of the high rates of urine flow. II.
In --Renal clearance of substance X, ml. of plasma or serum per minute.
(F) X cx/ccr -ratio of the simultaneously determined clearance of substance X to the creatinine clearance, the latter being used as a measurement of glomerular filtration rate (C,). c,, -v = WR, water reabsorbed, ml. per minute. (F)xG -(U)J = XR, amount of substance X reabsorbed per minute expressed in mosx.
XR/WR = (R)x concentration of substance X in reabsorbate, mosM/l.
[(F)N~ X 21 + (Flu = (F)WM, concentration in the filtrate of substances exerting an osmotic pressure, mosM/l. [ (U)N~ X 21 -I-(U), = (U),, total concentration of substances in the urine exerting an osmotic pressure, mosM/l. reference to eqzcations IO and II, the total osmotic pressure has been calculated as twice the sum of the Na concentration plus the urea concentration. Certain small errors have been neglected, namely I) filtrate concentration of glucose and other non-electrolytes; 2) serum concentration of water; 3) concentrations of cations other than Naj 4) concentrations of non-monovalent anions. Factors I and 2 were essentially constant. Factors 3 and 4 contribute a very small moiety to the total osmotic pressure of the urine during osmotic diuresis. The osmotic pressure as calculated, therefore, gives a first approximation of sufficient accuracy to warrant the calculations and conclusions made.
The amount of sodium reabsorbed per IOO ml. of glomerular filtrate was calculated: NaR 13 -.
-Gx 100 = NaR/roo Ccr RESULTS 
AND DISCUSSIOX
The observations reported are based on I 5 experiments comprising I 23 clearance periods.
GZo~tieruZar Filtration Rate. Control CF averaged 4.9 cc/min/kg. body weight, with a range from 3.0 to 7.0. This does not differ significantly from the mean normal value reported by Houck (9) of 4.29 cc/min/kg. body weight with a range of 2.15 to 8.32% as determined in trained unanesthetized dogs. Although a slight fall in CF resulting from the anesthesia and surgical trauma may have been masked by the priming dose of hypertonic saline, it is apparent that Cp was essentially normal at the start of each experiment. Values of (S), up to IOO mosM/l. were associated with no change in CF (average change -2 per cent), whereas at higher levels a decrease in CT was observed. Although the depression of Cp was not studied specikally, it seems reasonable to attribute it to a fall in cardiac output and renal plasma flow due to toxic concentrations of urea. Dehydration was not a factor as urine volume was balanced by the infusion of equal amounts of isotonic saline.
Osnzotic Pressure of the Urine. Priming with hypertonic saline resulted, with but a single exception, in a hypertonic urine referable to (U),, as well as (U),,,. Urea diuresis produced a uniform pattern of response. As would be expected the (F)oaM progressively rose during the course of the urea infusion. However, during the initial periods of urea administration the (U),, fell to become essentially isosmotic with the filtrate. Thereafter, (U),, and (R)oeM rose with the (F)08M and all three remained 4 K was originally included in this calculation, but subsequently was not considered because of the undetermined nature of the mechanism of K secretion. The exclusion of K from the calculation does not alter the results significantly. essentially isosmotic ( fig. I )~ In the final periods of 6 experiments the urine became hype-osmotic to the filtrate. Definite conclusions cannot be drawn in the absence of direct measurements of osmotic pressure, but the data obtained suggest that hypoosmotic urines can result from osmotic diuresis associated with an abnormally high osmotic pressure in the serum and presumably maximal posterior pituitary activity. To explain this, it may be postulated that the reabsorption of osmotically active agents occurs at a faster rate than the reabsorption of water, and that at high rates of urine flow insufficient time has elapsed for the slower process to reach osmotic equilibrium. The production of hyperosmotic urines requires the tubular reabsorption of water in excess of solute, and calculations were made to define this quantity expressed as water reabsorbed without solute. The average values were 1.8 cc. per minute for the control periods, and 2.9 cc. per minute for the periods of maximal diuresis, all hypo-osmotic urines being excluded from the averaged values. As the total osmotic pressure rises, the analytical error is magnified in the calculations as presented, and the difference between the control and diuresis values cannot be considered significant. It is evident, however, that at normal or low rates of urine flow the production of a maximally concentrated urine would require the reabsorption of only small amounts of water free of solute. This limited capacity of the distal tubule would explain the formation of essentially isosmotic urines in the presence of large osmotic loads. Similar conclusions have been drawn from observations made in man during hydropenia (IO) and osmotic diuresis (II) .
Such a calculation of distal function assumes that proximal reabsorption is isosmotic. The fact that essentially isosmotic urines were produced under the conditions of these experiments is taken as experimental evidence of the validity of this concept and is in agreement with the results obtained by the micro-puncture technique (I 2).
Electrolyte Excretion. The renal excretion of Na5, Ks and Cl were studied in all experiments. The results of two representative experiments are given in table I and figure 2. A uniform pattern of response was observed in every experiment. In the control periods (U),, was hypertonic to (F)Naw As diuresis progressed (U),, fell below l See text for calculation of total osmotic pressure.
(F)Na and more of the filtered water than of the filtered sodrum was excreted When the results are calculated in terms of the reabsorbate it is seen that (R)Na exceeded (F)Na and that the difference in these concentrations, (R-F)N,, was approximately proportional to (S), ( fig. 3) . Individual experiments showed a more linear relationship than indicated in figure 3 and the scatter of the massed plots may be attributed to 5 Throughout this paper the excretion of Na and accompanying anion will be presented in terms of Na alone without the implication that the reabsorptive mechanism for Na is primary and for anion secondary.
6 The studies of potassium revealed a tubular secretory mechanism. A preliminary paper has been published (13) . Further studies are in progress and will be reported subsequently.
variations in the degree of urine hypertonicity and the extent to which urea was reabsorbed.
The ability of the kidney to produce reabsorbate that is hypertonic with respect to Na has been attributed to the absence of the antidiuretic hormone (14) , but was subsequently noted with osmotic diuresis (IS) observations to higher rates of excretion, and, as subsequently discussed, rocanze the process to the proximal tubule. The reabsorption of Na can therefore occur against a concentration gradient, indicating that Ka is reabsorbed by an active metabolic process and not by diffusion in response to concentration gradients established by movements of water. The fact that the filtrate, reabsorbate and urine became essentially isosmotic in the presence of marked differences in the respective concentrations of osmotically active components indicates that water is reabsorbed by back diffusion under the conditions of these experiments. Previous calculations (16) have suggested that the major portion of the glomeru- impossible. The important question remains as to whether or not diuresis per se produces so large an intersegmental imbalance that distal function becomes ineffective in absolute terms. A relative diminution of distal function is evident from the above data on osmotic pressure which showed that the volume of water removed free of solute remains small and essentially constant despite wide variations in urine flow. The relative importance of this reabsorption gradually decreases as urine volume increases and voided urines become isosmotic. If a similar reasoning is applied to the reabsorption of Xa, it may be said that, even though the total reabsorptive capacity of the distal tubule is unknown, its relative importance in determining the characteristics of the voided urine certainly decreases with forced diuresis. It is therefore reasonable to attribute the phenomena observed to activities of the more proximally located tubular cells. This interpretation is in agreement with the independent observations of Wesson and Anslow on mannitol diuresis (2) . However, it must be emphasized that this concept represents only a reasonable interpretation of the available data in as much as there is no conclusive proof that distal activity has not changed in the presence of increased loads.
The question remains as to why the absolute amount of excreted sodium increasesunder the influence of a non-electrolyte osmotic diuretic. If sodium is actively reabsorbed proximally, why doesn't this process remove essentially all the Na from the proximal urine, delivering an isosmotic fluid to the distal tubule with urea as the major osmotic component? The increased Na excretion does not result from an increase in (S)N,. In the above experiments (S)N, was normal or elevated and in tbe experiments of Wesson and Anslow a similar increase in Na excretion was observed while (S)N, was falling sharply. A specific nephrotoxic action of urea seems unlikely because of the comparable effects of glucose (14, 17, 18) and mannitol, and because the effect of urea was a graded response developing with relatively slight elevations of (S) U.
An insight into the possible mechanisms whereby the reabsorption of Na is diminished is obtained by a comparison of saline and urea diuresis. In table 2 are depicted the results of a pair of experiments inwhich final Cp, and (F)NB are comparable. The amount of Na reabsorbed, expressed as mEq/roo ml. of Gltrate, remains relatively constant with saline but decreases sharply with urea diuresis. In saline diuresis Na (and accompanying anions) is the major component contributing to the osmotic pressure of the filtrate. Therefore as Na is actively reabsorbed and water back diffuses the Na concentration of the tubular urine remains essentially unchanged. In urea diuresis the Na concentration of the filtrate, although the same in absolute terms, contributes a smaller moiety to the total osmotic pressure. Therefore when Na is reabsorbed less water back diffuses to maintain osmotic equilibrium. Consequently the concentration of Na in the reabsorbate is higher than that of the filtrate and the Na concentration in the tubular urine falls progressively along the length of the proximal tubule. This suggests the possibility that the rate of reabsorption may be partly determined by the concentration of Na in the tubular urine and by the length of time that a given concentration prevails.
Wesson and Anslow (2) reached a somewhat similar conclusion from their studies, but believed that the proximal reabsorption of Na was arrested by a limiting concentration gradient. This gradient was obtained when the difference between plasma and urine Na concentration, (F -U)Na, reached a value of 60 to go mEq/l. We do not believe that the results of forced diuresis experiments warrant this conclusion for the following reasons. r) There is no apparent upper limit to the concentration differences developed between filtrate and reabsorbate (Fig. 3) . z) The value of (F -U),, obtained in our experiments, although relatively constant for short time intervals, varied widely in single experiments and from animal to animal. 3) During periods of maximal diuresis it was evident that this value varied inversely with fluctuation in CF, indicating that with lowered Na loads more complete reabsorption of Na occurred even in the presence of isosmotic urines. 4) During osmotic diuresis tubular reabsorption of Na appears to be reduced by the exposure of a large segment of the tubule to urine of lowered Na concentration. The experiments on forced diuresis obviously do not define the relative reabsorptive capacities of the proximal and distal tubule under normal conditions. Nevertheless, the results certainly do not invalidate the possibility that almost complete reabsorption might occur proximally under conditions of reduced load, under Infusion NaCl900 mEq/l., 2 ml/min. which circumstances the lower portions of the proximal tubule might be exposed to small volumes of residual tubular urine of low Na concentration and the isotonicity of the urine might be maintained by other un-reabsorbed components of the filtrate, mainly urea.
Miscellaneous
Observations. The following incidental observations are briefly reported, all values being given for periods of maximum diuresis. In the 4 experiments in which measurements were made there was no evidence of glucose appearing in the urine when the urine volume was as much as 53 per cent of the filtrate. Urine PH averaged 6.9 in one experiment in which urines were collected anaerobically, and approximated 7 in 4 other experiments. Bicarbonate clearance averaged 14 to 19 per cent of Atigust Ig4g
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CF in one experiment, serum bicarbonate being 17.4 to 2 I mEq/l. Low bicarbonate clearances have been reported in mannitol diuresis which also were associated with low serum bicarbonate concentrations (2) . Phosphate clearances varied from 18 to 29 per cent and from 22 to 38 per cent of CF in two experiments, in both instances being associated with an elevation of serum phosphorus to approximately twice the control value. In a third experiment the urine became phosphate free as diuresis increased, serum phosphate remaining constant. Chloride determinations were done in all experiments, and Ccl paralleled CNa in all periods. Inasmuch as all animals were studied under the influence of a NaCl load, a mild high-chloride acidosis must have existed in each experiment. Under these conditions, the high excretion of chloride and the formation of a urine more acid than plasma are not unexpected. The low clearance of bicarbonate was associated with an isosmotic urine, suggesting that bicarbonate reabsorption in relative excess of water and chloride reabsorption occurred in the proximal tubule. This interpretation is compatible with observations obtained from the micropuncture studies of mammalian tubules (12) in which a chloride U/P ratio of 1.4 was found in the first half of the proximal tubule.
Effect of kfercurial Diuretics. In 6 experiments mercurial diuretics' were administered during urea diuresis. Due to the concomitant variations in CF, (S),, and (S), a quantitative analysis of the mercurial action can not be obtained. However, in every instance the mercurials markedly increased (U),, and (U),,V. In the experiment depicted in figure 4 (S)N, and (S) u were relatively constant and CF fell slightly. Despite the decrease in sodium load, the effect of the mercurial on the reabsorption of sodium is obvious, Considering these results in terms of the previously stated premise that during severe osmotic diuresis the relative role of the distal tubule is small, the predominant action of the mercurials appears to be on the proximal tubule. The mercurial diuretics do not significantly effect (R -F)NB as shown in figure 3 . This indicates that in the presence of a mercurial diuretic the process of the proximal tubular reabsorption of sodium remains one of active transfer, but reabsorptive capacity is depressed! Urea CLearawe. Previous studies have shown that urea is excreted by filtration and back diffusion (19) . The present observations, made at high serum urea concentrations, are in essential agreement with this concept. An analysis of those periods in which CF is maintained within 85 per cent of the control value shows that the clearances of urea and water increase concomitantly. The massed data fall on a curve almost identical to that published by Shannon (19) . In prolonged experiments with declining C J7, however, this relationship does not persist, Cu/CF falling progressively despite a further decrease in the U/P creatinine ratio. This may be seen 7 I or 2 ml. of 'Mercupurin' or 'Salyrgan' were given intravenously. We are indebted to Dr. M. L. Tainter of the Winthrop Chemical Co. for the 'Salyrgan' used in these studies.
8 Since this manuscript was submitted, DUGGAN, J. J. and R. F. PITTS (Federation Proc. 8: 37, 1949) have presented evidence that mercurials, given during a saline diuresis, inhibit the reabsorption of a maximum of 1500 yEq of Na per minute, or about 16% of the amount filtered, indicating a distal site of action. In 2 experiments with urea diuresis, in which the filtered loads of both Na and urea remained constant, the increase in Na excretion was 2550 and 2130 pEq/minute, representing 21 and 28% of the filtered load. It is evident that the apparent maximal effect of mercurial diuretics may depend upon the experimental conditions. Renal Work. The conventional calculations of renal work have followed a strict application of thermodynamic principles (II, 20, 21) .
These consider the initial plasma concentration of a given substance, the final urine concentration, and the amount excreted per unit time, and state that energy is expended by the kidney if the urine concentration of a given substance is higher than that of the plasma, and conversely energy is made available to the kidney if the urine concentration is less than that of the plasma, The paradox of measuring the work of certain biological processes in thermodynamic units becomes apparent when renal reabsorptive mechanisms are analyzed. By far the greatest part of Na reabsorption is isosmotic and the U/P ratio of Na remains essentially unchanged. Therefore to satisfy a thermodynamic equilibrium the energy expended in the active transfer of Na would have to be regained by the passive diffusion of water. This would appear to be unreasonable. An additional inconsistency is revealed by an analysis of the above experiments. Na was excreted in a lower concentration than it exists in the plasma and according to thermodynamic concepts there was a gain in energy and the kidney was doing no work referable to Na excretion. However, if the tubular process is examined it is seen that Nawas reabsorbed from the low concentration of the tubular urine to either the high concentration of the plasma or the even higher concentration of the reabsorbate. In either case the tubular cells were transferring Na from a low concentration to a higher one and thus performing work referable to Na excretion. Therefore the kidney either gained or consumed energy in excreting Na depending upon the point of view from which the same process is analyzed. It is obvious therefore that the analysis of the work of the kidney in terms of initial and final solute concentrations yields results which are misleading and are quite unrelated to the observed biological phenomena.
SUMMARY AND CONCLUSIONS
Extreme degrees of osmotic diuresis were produced in anesthetized dogs by the intravenous infusion of a solution of 50 per cent urea sufficiently rapidly to produce plasma concentrations of urea in excess of IOO mosM/l. within a period of a few hours. Water balance was maintained by infusing solutions of NaCl at a rate commensurate with urine flow. By this technic glomerular filtration rate was maintained at or near control levels until depressed by inordinately high concentrations of urea. The animals showed the following responses :
Urine flow progessively increased and in many experiments reached 50 per cent of the glomerular filtration rate. At high rates of flow the urine became approximately isosmotic with the blood which indicated the functional incapacity of the distal tubule to alter significantly the composition of the large volume of filtrate it received. Thus differences between the composition of the glomerular filtrate and the formed urine were interpreted as largely the result of activity of the proximal tubule.
The tubular reabsorbate was isosmotic and, since only small amounts of urea were reabsorbed, sodium salts provided the major osmotic constituent of the reabsorbate. This resulted in a sodium concentration of the reabsorbate greatly in excess of that of the filtrate or plasma. A concentration gradient relative to sodium between proximal tubular filtrate and reabsorbate indicates an active transfer of sodium by proximal tubular cells. The isotonicity of the formed urine is readily explained by the back diffusion of water due to the osmotic gradient created by the transfer of sodium.
The presence of urea in the proximal tubule greatly diminishes the reabsorption of sodium even though the sodium load remains constant. Arguments are presented which favor the view that total sodium reabsorption is decreased because of the continuous fall in proximal tubular sodium concentration as each increment of the glomerular filtrate is reabsorbed, a condition which only applies in the presence of an osmotic diuretic.
The administration of a mercurial diuretic at the height of urea diuresis further decreases the tubular reabsorption of sodium but does not alter the concentration gradient relative to sodium between tubular urine and reabsorbate. This indicates that mercurial diuretics decrease the functional capacity of the proximal tubular
